The angiotensin-converting enzyme (ACE) gene encodes two structurally related isozymes, somatic ACE and germinal ACE, that are uniquely expressed in discrete locations in the body. The importance of ACE in these cell types was revealed by generating Ace ؊/؊ mice, which exhibit multiple abnormalities including renal structural defects and functions, hypotension, and male sterility. To test the hypothesis that specific physiological functions of ACE are mediated by isozyme-specific and tissue-specific expression patterns, we have used a transgenic approach to develop mouse strains that express just one ACE isoform in the target tissue of Ace ؊/؊ mice. The mice described in this report produce germinal ACE in sperm and serum. These mice were as healthy as wild type mice, and the males were fertile. Interestingly, they had normal kidney structure, fluid homeostasis, and partially restored urine concentration despite having low blood pressure. This result demonstrated that circulating germinal ACE is sufficient for maintaining normal kidney structure and fluid homeostasis but insufficient for restoring blood pressure to normal levels.
It has been well established that the renin-angiotensin system is the chief modulator of fluid homeostasis, electrolyte balance, and blood pressure regulation in mammals. Angiotensin-converting enzyme (ACE), 1 one of several key enzymes that coordinately function in the renin-angiotensin system, is most well known for its role as a dipeptidyl carboxy-peptidase, cleaving the terminal two amino acids off of the inactive precursor, angiotensin I (Ang I) to produce the vasoactive peptide, angiotensin II (Ang II) (1) . In addition, ACE inactivates other substrates including bradykinin and the apoptosis-inducing peptide Ang 1-7 (2, 3) . ACE exists in two isozymic forms that are uniquely expressed in discrete tissues in the body. The larger 140-kDa somatic ACE (sACE) is expressed in vascular endothelial cells, renal proximal tubule epithelial cells, intestinal brush border cells, macrophages, monocytes, and Leydig cells in the testes (1, 4, 5) . The smaller, 70-kDa germinal ACE (gACE) is expressed exclusively in maturing sperm (6) . The physiological importance of both ACE isoforms was illustrated in mice containing an ablated Ace gene (7) (8) (9) . These Ace Ϫ/Ϫ mice exhibited gross renal structural defects, blood vessel wall thickening, hypotension, urine concentration defects, and male sterility. The evolutionary importance of ACE stems from the overall 80 -90% sequence homology across mammalian species and the identification of ACE-like proteins in lower organisms, namely Drosophila (10, 11) .
The functional roles of sACE and gACE within their native tissue and their contribution to the overall physiology of the species are dictated by the specific structural features and substrate preferences of each isozyme. Both sACE and gACE are encoded by the same gene, yet both are produced via tissuespecific choice of alternative transcription initiation sites and alternate splicing patterns (12, 13) . Each isozyme contains a unique N-terminal domain, consisting of 664 and 72 residues for sACE and gACE, respectively (14) . However, the 665 residues comprising the C-terminal domain, inclusive of the (HisGlu-X-X-His) catalytic active site center and hydrophobic membrane anchor, are common to both ACE proteins (15) (16) (17) (18) . In addition, the action of a membrane-associated secretase liberates a soluble form of sACE that circulates freely in serum and seminal plasma (19 -21) . Because of the large degree of common C-domain structure shared between gACE and sACE, it has been shown that both ACE enzymes cleave Ang I with equal efficiency in vitro (22, 23) . The high degree of sequence homology between the N-domain and the C-domain of sACE and the fact that the N-domain of sACE also contains an identical Ang I cleavage active site motif suggest that a gene duplication event may have given rise to the larger sACE isoform (22, 24) . However, subsequent divergence between these two domains has afforded a wider set of substrates that are preferentially cleaved by the sACE N-domain including LHRH and the hematopoietic peptide NH 2 -acetyl-Ser-Gly-LysPro (25, 26) . In contrast, the finding that angiotensinogen knockout male mice remain fertile and that the C-domain of sACE cleaves several alternative sperm proteins in vitro supports the conclusion that Ang I may not be the essential substrate for gACE in sperm (27, 28) .
Our current hypothesis is that specific physiological functions of ACE are mediated by isozyme-specific and tissue-specific expression patterns. To test this hypothesis and to address the physiological equivalence of the two ACE isoforms, we have used a transgenic approach to develop mouse strains that express just one ACE isoform in the target tissue of Ace Ϫ/Ϫ mice. We have created several FVB mouse lines that express either gACE or sACE under the control of a tissue-specific promoter.
These mice have been crossed with Ace Ϫ/Ϫ FVB mice to produce an experimental mouse strain of homogenous background that expresses the desired ACE isoform only in the target organ. Our results from this methodology have demonstrated that 1) gACE alone, when expressed in maturing sperm, is sufficient for restoring fertility to Ace Ϫ/Ϫ male mice (29) but that 2) sACE cannot fulfill this same function when expressed in Ace Ϫ/Ϫ sperm (30) . We have also demonstrated that sACE expression in the vascular endothelial cells alone restores renal structure, renal function, and normal blood pressure. 2 However, the male mice from this strain remained sterile, which supports our conclusion that sACE present in testicular structures (specifically in sperm or testis blood vessels) cannot provide the fertility function that is manifest by gACE expression exclusively in sperm.
Although transgenic methods utilized to express one member of the renin-angiotensin system in the target tissue of mice lacking the same renin-angiotensin system member protein have been successfully used by us and others (31) , these genetic manipulations can yield unanticipated, yet highly informative results. In a study designed to produce mice that express sACE but not gACE, an unexpected homologous recombination event created mice that expressed only the N-domain of sACE in the serum (32) . Despite significant plasma ACE activity, these mice retained an Ace Ϫ/Ϫ phenotype, including renal vascular thickening, hypotension and urine concentration defects, illustrating that the circulating N-domain of sACE is insufficient for restoring the defects observed in Ace Ϫ/Ϫ mice. In direct contrast to that study, we have serendipitously produced mice that ectopically express gACE in the serum of both sexes as well as in the target cell, namely sperm. Further examination of these mice revealed restoration of kidney structures and fluid homeostasis with nearly complete restoration of urine concentration. Male mice were fertile because of gACE expression in sperm. Although the level of gACE present in the serum was high, the blood pressure of these mice remained low. These results demonstrated that circulating germinal ACE is sufficient for maintaining normal kidney structure and fluid homeostasis but insufficient for restoring blood pressure to normal levels.
EXPERIMENTAL PROCEDURES

Generation and Genotyping of FVB Strain Experimental Mice-
The construction of the PGK2-gACE-BGHpA transgene (Pg), the selection of the five FVB founder mice transmitting the Pg transgene, and the generation of FVB strain Ace Ϫ/Ϫ mice were described previously (29, 30) . We generated the Ace Ϫ/Ϫ, Pg ϩ/Ϫ experimental FVB strain mice by crossing two independent lines of the Pg FVB mice with the Ace Ϫ/Ϫ FVB strain mice to generate line 400 and line 800 Ace Ϫ/Ϫ, Pg ϩ/Ϫ mouse lines. Southern blot genotyping was performed as described previously (30) . Heterozygosity or homozygosity of the transgene was determined by normalizing the transgene Imagequant value to the endogenous mouse Ace gene value in the same genomic DNA sample. The compound genotype is determined by the presence of a wild type 6.4-kb SacI Ace genomic fragment, the disrupted 8.4-kb SacI (Ace null) genomic fragment (8) , and the 2.5-kb SacI transgenic Pg fragment.
ACE Enzyme Assay-The standard ACE enzyme assay, which measures ACE cleavage of the Ang I analog Hip-His-Leu, was performed by incubating 50 g of total protein extract from Ace ϩ/ϩ and experimental Ace Ϫ/Ϫ, Pg ϩ/Ϫ mice kidneys or serum. The tissue was homogenized in ACE lysis buffer as described previously (30, 33) . All samples originated from age-matched FVB strain mice.
Histology and Immunohistochemistry-Age-matched, adult organs were paraffin embedded, cross-sectioned at 5 m thick, and hematoxylin-and eosin-stained by the Histology Core (Lerner Research Institute, Cleveland, OH). Immunohistochemistry was performed following deparaffinization and antigen presentation treatment as described previously (30) . The anti-rabbit sACE antibody (34) , which weakly binds with mouse ACE in this procedure, was diluted 1:1000 in blocking buffer and applied to the slides in a humid chamber for 16 h at 4°C. Following washes in phosphate-buffered saline with 0.3% Triton X-100, anti-goat fluorescein isothiocyanate (Santa Cruz) was applied to each section for 2 h in the dark at 25°C. Following washes in phosphatebuffered saline with 0.3% Triton X-100, Vectashield (Vector Laboratories) diluted 1:1 in phosphate-buffered saline was applied. All stained slides were visualized with a Leica digital fluorescent microscope and Adobe Photoshop software.
Male Fertility Tests-Adult FVB PGK2-gACE-BGHpA (Pg) transgenic founder mice (Ace ϩ/ϩ, Pg ϩ/Ϫ) were mated with Ace ϩ/Ϫ FVB male mice to generate Ace ϩ/Ϫ, Pg ϩ/Ϫ mice. Male Ace ϩ/Ϫ FVB strain mice were generated by backcrossing the Ace null allele, originally developed in C57Bl/6 strain mice (8) , for 10 generations with Ace ϩ/ϩ FVB female mice (30) . Interbreeding between male and female Ace ϩ/Ϫ, Pg ϩ/Ϫ mice was performed to generate the FVB strain Ace Ϫ/Ϫ, Pg ϩ/Ϫ experimental mice. Genotyping of all mice was performed by Southern blotting as described above.
For fertility comparison, the number of pups sired from each mating above was noted. Fertility testing of all adult males was then conducted by mating three Ace Ϫ/Ϫ Pg ϩ/Ϫ, Ace ϩ/ϩ, or Ace Ϫ/Ϫ males with a total of six wild type adult FVB strain females (Jackson Laboratories) for 10 days, the equivalent of two complete estrous cycles. Each mating consisted of two females/male. The females were observed for plugs. If no pups were produced within 22 days from male removal, the same females were mated with Ace ϩ/ϩ FVB males for 10 days. The number of pups sired per litter was noted.
Blood Pressure Measurement-The noninvasive computerized RTBP007 tail cuff blood pressure system for mice (Harvard Apparatus, Holliston, MA) was used to obtain systolic blood pressure. The mice were housed separately, fed autoclaved chow with water ad libitum, and maintained on a 12-h light/dark cycle. Each mouse was trained for 4 days to acclimate them to the apparatus and restraint. Training included handling the mice, warming them to 30°C, and restraining them in a darkened restraint. Unrecorded measurements were taken on days 2 and 3 of training. All measurements and training were performed on consecutive days between 12 and 3 p.m. each day. Computerrecorded measurements were then taken for 3-5 consecutive days following training. A minimum of 10 blood pressure readings/mouse/day were used to calculate the average daily blood pressure for each FVB mouse. The average blood pressure for each mouse was then calculated by averaging the daily blood pressure of each mouse over the 3-5 consecutive days of readings. Final mean blood pressure for each genotype was calculated on a minimum of two mice (Ace Ϫ/Ϫ, Pg ϩ/Ϫ line 800 males) and a maximum of 12 mice (Ace ϩ/ϩ males).
Water Uptake, Urine Output, and Osmolality Measurement-Agematched adult mice of the following genotypes (Ace ϩ/ϩ, Ace Ϫ/Ϫ, and Ace Ϫ/Ϫ, Pg ϩ/Ϫ) were individually placed in a Nalgene metabolic cage supplied with powdered standard chow and water ad libitum. The daily (24 h) water consumption and urine produced was measured for 5 consecutive days for each mouse. Urine osmolality was measured for each mouse using the Osmette A (Precision Instruments, Inc., Natick, MA) freezing point osmometer according to the manufacturer's instructions. Triplicate readings were performed on the urine collected from five mice of each genotype to determine an average osmolality value.
RESULTS
Expression Pattern of Transgenic gACE-The transgene consisted of the sperm-specific promoter of the PGK2 gene, the coding region of the rabbit gACE, and the polyadenylation signal of the bovine growth hormone gene (Fig. 1A) . Generation of several transgenic FVB lines carrying this transgene has been described previously (29) . Mice from these lines were crossed with FVB strain mice containing a disrupted Ace gene (30) to produce the experimental mice expressing the transgene but not expressing endogenous sACE or gACE. All of the transgenic lines expressed gACE in maturing sperm, but several lines also expressed gACE in somatic tissues ectopically. The properties of two such lines, line 400 and line 800, have been extensively characterized in the current study. The genotypes of the different mouse strains used here are shown in Fig. 1B . The experimental line 400 strain had the Ace Ϫ/Ϫ, Pg ϩ/Ϫ genotype. This strain could not be made homozygous in the transgene, indicating that integration of the transgene had disrupted a locus encoding a function essential for survival. In contrast, the line 800 mice could be made homozygous in the transgene. It should be pointed out that all mice used in this study were of pure FVB background and syngenic except for the introduced transgene and the disrupted Ace gene.
The tissue-specific profile of the transgene in the experimental mice was examined by immunohistochemistry of various tissue sections. As expected, there was strong expression of the transgene in the testis (Fig. 2A) . The observed expression pattern is consistent with the location of the transgenic protein in maturing sperm cells present in the seminiferous tubules of the testis. In contrast, there was no transgene expression in many somatic tissues including brain, spleen, liver, and intestine. There was a low level of diffuse signal in the heart and lung. The expression in the lung was not associated with the vascular endothelial cells, as was the case for the Wt mice (Fig. 2B) .
In the Wt kidney, ACE is expressed in vascular endothelial cells (Fig. 3A) and in proximal tubular epithelial cells (Fig.  3D) . Similar to the Ace Ϫ/Ϫ mice (Fig. 3B) , no ACE was expressed in the renal blood vessels of the experimental mouse (Fig. 3C ). In the proximal tubules, there was abundant expression of ACE in the Ace ϩ/ϩ mouse (Fig. 3D ). In contrast, there was little, if any, expression of the transgene in the proximal tubules of the kidneys from the experimental mice. In rare sections we could detect a low level of expression of the transgene at the outer edge of the glomerulus (Fig.  3, E and F) . In tune with this observation, there was minor ACE enzymatic activity in the extracts of kidney from the experimental mice (Fig. 4) . Surprisingly, the same pattern was not true for ACE activity in the serum. There was about 50% higher activity in the serum of the line 400 experimental mice as compared with the activity in the Wt mouse serum. In the serum of line 800 mice, the enzyme activity was about 65% of the Wt activity. The high serum level of ACE was observed in both male and female experimental mice, indicating that transgene expression in serum is not connected to its expression in sperm.
Physiological Properties of the Experimental Mice-The Ace Ϫ/Ϫ FVB mice have major health problems. Fewer than the expected number of these mice are born, indicating prenatal death. The mice are runted in the early part of their lives, having 60% of the body weight of Wt mice at 4 weeks of age, and they all die by about 8 months of age. The experimental mice of the 400 and 800 lines expressing the transgenic gACE in the serum had none of the above problems. Their general health was a good as that of the Ace ϩ/ϩ mice The male Ace Ϫ/Ϫ mice are sterile because of the lack of gACE expression in sperm. Male fertility was, however, restored in the experimental mice (Fig. 5) . The absence of ACE expression also causes hypotension in mice. In the FVB strain, the mean systolic blood pressure of the Wt mice was 115.8 mm Hg in males and 116.3 mm Hg in females (Fig. 6) . These values were decreased to 91.3 and 87.5 mm Hg, respectively, in Ace Ϫ/Ϫ mice. Transgenic expression of gACE in our experimental mice did not restore the normal level of blood pressure, although it was slightly elevated. The pressure in the 400 line males was elevated to 99.9 mm Hg and that in females was increased to only 89.3 mm Hg. These results suggest that a high serum level of gACE may not be sufficient for maintaining normal blood pressure.
Effect of Transgene Expression on Kidney Structure and Functions-The kidneys of Ace Ϫ/Ϫ mice have major structural defects. The kidneys of older mice accumulate large amounts of fluid and are enlarged. Internally, the cortex gets thinner, and a large cavity appears in the center (Fig. 7A) . The arterial wall in the kidney gets thicker as well (Fig. 7,  compare B with D) . These structural defects were completely abolished in the experimental mice. The gross anatomy of the kidney was indistinguishable from that of the Ace ϩ/ϩ kidney (Fig. 7, E and G) , and the vessel wall thickness was normal (Fig. 7, F and H) . Thus, transgenic gACE expression was sufficient to rectify the renal structural defects of Ace Ϫ/Ϫ mice. The same was also true for kidney functions. Ace Ϫ/Ϫ mice have defective fluid homeostasis; their water uptake and urine output are increased, and the urine has a lower osmolality (Fig. 8) . In the experimental mice, the urine output was low (Fig. 8A) , and the water uptake was very similar to that of the Wt mice (Fig. 8B) . Osmolality of the urine was also increased, although not to the level of the Wt mice (Fig. 8C) . Thus, all renal abnormalities of the Ace Ϫ/Ϫ mice were completely or largely cured by transgenic gACE expression in the experimental mice. DISCUSSION We have been using a transgenic approach to delineate the tissue-specific and isozyme-specific physiological functions of ACE. For this purpose, using a tissue-specific promoter in the transgene, one isozyme is specifically expressed in a given tissue of Ace Ϫ/Ϫ mice, and consequent selective alleviation of multiple physiological defects of the Ace Ϫ/Ϫ mouse is monitored. Using this approach, we have previously demonstrated that exclusive expression of gACE in the developing sperm of Ace Ϫ/Ϫ mice is sufficient for restoring male fertility, without curing the other defects (29) . In contrast, expression of enzymatically active sACE in the same tissue was ineffective, thus providing clear-cut evidence of isozyme-specific function of ACE in male fertility (30) . In a study completed more recently, we have demonstrated that exclusive expression of transgenic sACE in vascular endothelial cells of Ace Ϫ/Ϫ mice is sufficient for restoring its normal blood pressure, kidney structure, and kidney functions but not male fertility. 2 Thus, this study revealed that expression of sACE in the kidney proximal tubular cells is not essential for maintaining normal kidney structure and function.
As documented above, the transgenic approach can be quite effective for unambiguous assignment of tissue-specific functions of a protein. Successful use of this method, however, requires the recognition of an inherent technical problem: the transgene is often expressed ectopically in nontargeted tissues. If the promoter used is highly tissue-specific, this problem arises primarily from the random integration of the transgene near a strong genomic promoter that is active in nontarget tissue. Because of this problem, in all of our studies, we have to generate and screen multiple independent transgenic lines to select the ones whose expression profile matched our requirements. However, the transgenic strain that expresses the transgene ectopically can also be used effectively for addressing a different set of questions. The current study is an example of such an opportunistic analysis. Among several PGK2-gACE transgenic lines that we established, there was a high level of ectopic expression of the transgene in the somatic tissues of two lines. These lines were used to generate the experimental strains, line 400 and 800 (Pg) mice. As expected, the transgene was expressed highly in spermatocytes. But unexpectedly, there was a high level of ACE activity in the sera of both male and female experimental mice. Circulating natural ACE present in blood or renal interstitial fluid is generated by cleavagesecretion of the extracellular domain of the protein expressed in vascular endothelial cells and in renal proximal tubular epithelial cells. The transgenic gACE, however, was not expressed at all in the vascular endothelial cells and was expressed at a very low level in the renal tubules. None of the tissues examined, except for the testis, appears to be the primary site of expression (Figs. 2 and 3) . The diffuse signal observed in the lung and the heart (Fig. 2) could have originated from the blood in these highly vascularized tissues. Thus, the cellular source of gACE present in the serum of the experimental mice remains unidentified. But nonetheless, it is clear that the experimental mice expressed only the germinal isozyme, and there is little, if any, expression of transgenic ACE in the two sites, blood vessels and renal tubules, where ACE is normally expressed.
As anticipated, the experimental male mice were fertile. But their general health was also as good as that of the Wt mice. The severe abnormalities of kidney structure and functions of Ace Ϫ/Ϫ mice were also abolished in our experimental mice. There are reasons to believe that these were effects of the high level of ectopic gACE expression in the serum. Another Ace Ϫ/Ϫ, Pg ϩ/ϩ line, line 1200, had a low level of gACE expression in the serum (data not shown). The kidney structure of these mice was intermediate between those of the Wt and Ace Ϫ/Ϫ mice, with many small perforations resulting in a Swiss cheese-like appearance, and its kidney functions were only partially restored. The general health was poor with early runting and short life span, and the blood pressure was as low as that of Ace Ϫ/Ϫ mice. In view of the results obtained with the line 400 and the line 800 mice, several major conclusions can be drawn. First, the poor general health and longevity of Ace Ϫ/Ϫ mice are associated with their renal defects, not low blood pressure. Second, the renal defects can be abolished if circulating ACE levels are high without concomitant expression of ACE in renal arteries and proximal tubules. Third, an inescapable conclusion from our study is that gACE can substitute for sACE in maintaining renal structure and functions. This is in contrast to our observation that sACE cannot substitute for the function of gACE in male fertility (30) . Thus, the two isozymes are functionally equivalent in some physiological contexts but not in others. It remains to be seen whether these differences are due to differences in their enzyme activities toward different target substrates. For example, circulating gACE and sACE could be equally capable of cleaving Ang I or another substrate relevant for kidney functions, but only gACE may be able to cleave a different substrate in sperm or on the surface of the egg.
In another experimental line, Ace Ϫ/Ϫ, Ts ϩ/ϩ, in which transgenic sACE is expressed exclusively in vascular endothelial cells and serum, both blood pressure and kidney functions were restored to normal. 2 It is curious that, in contrast, the blood pressure of line 400 and line 800 experimental mice remained low. These are the first mouse strains in which the roles of ACE in blood pressure maintenance and kidney functions have been dissociated, suggesting that they are two independent functions of ACE in the body. The failure of circulating ACE in restoring normal blood pressure could be attributed to its isozymic nature or its lack of expression in the endothelium. The first possibility is unlikely because it requires invoking different substrates being responsible of ACE functions in the kidney and blood pressure maintenance. The latter possibility is favored because it agrees with the evidence in the literature that tissue-associated ACE is important for blood pressure regulation (9, 32) . We have the experimental tools to test these alternatives in the future. Using a vascular endothelial cellspecific promoter, we should be able to express transgenic gACE exclusively in the blood vessels. Reciprocally, we can express a truncated extracellular sACE, so that no cell-associated ACE remains in the vasculature of the transgenic animals. These types of studies will be required for further delineation of physiological functions of different forms of the ACE protein.
